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I. INTRODUCTION
Neutrinos play a special role in particle physics and astrophysics. This is determined by
the fact that neutrinos have only weak interactions. Let me list some of the most important
discoveries related to neutrinos.
1. In the 1950’ the electron neutrino was discovered in the experiments of Reines and
Cowan.
2. In 1956 the parity non-conservation in β-decay was discovered (Wu et al.).
3. In 1957 it was proved that the neutrino is a left-handed particle (Goldhaber et al.).
4. In the 1962 Brookhaven experiment of Lederman, Steinberger, Schwarz et al., the
muon neutrino was discovered.
5. In 1973 in a neutrino experiment by the Gargamelle collaboration at CERN a new
class of weak interactions (neutral currents) was discovered.
6. In the 1980’s in experiments on neutrino beams at CERN and at Fermilab, the quark
structure of nucleon was established and investigated.
7. In 1983 at CERN, the intermediate W and Z bosons were discovered (UA1 and UA2
collaborations).
8. In the 70’s solar neutrinos were detected in pioneering experiment by R.Davis.
9. In 1987 neutrinos from Supernova 1987A were detected (Kamiokande, IMB, Baksan).
10. In the 1990’s in LEP experiments it was found that only three types of light flavour
neutrinos exist in nature.
This is an impressive list of discoveries, the importance of which for elementary particle
physics and astrophysics is difficult to overestimate.
II. THE PAULI HYPOTHESIS
I will start with the history of the neutrino. The neutrino hypothesis was put forward by
Pauli in 1930. At that time protons and electrons were considered as elementary particles,
and nuclei were considered as bound states of protons and electrons. Such picture confronted
with two fundamental problems:
I. The problem of β-spectrum.
Continuous β-spectra cannot be explained if β-decay is a transition of one nucleus into
a two-body final state with another nucleus and electron.
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II. The problem of the spin of some nuclei.
The classical example is the nucleus 7N14. If nuclei are bound state of protons and
electrons, this nucleus must be a bound state of 14 protons and 7 electrons and must
have a half-integer spin. From the experimental data it followed that 7N14 nuclei are
particles with integral spin.
To solve these problems Pauli assumed that in addition to p and e there exist a new
elementary particle (which he called the neutron) with a spin 1/2, equal to zero electric
charge, mass less than the electron mass and an interaction much weaker than photon
interaction. He assumed that ”neutrons” are constituents of nuclei (thus solving the problem
of the spin of 7N14 and other nuclei) and that β-decay is a three-body decay with a nucleus,
an electron and a ”neutron”, (which is not detected in the experiment) in final state.
In 1932 the neutron was discovered by Chadwick and all nuclear data (including the spin
of 7N14 and other nuclei) can be naturally explained under the assumption that nuclei are
bound states of protons and neutrons. The problem of β-decay remained unsolved.
III. FERMI THEORY OF β-DECAY
The first theory of β-decay was proposed by Fermi in 1934. This theory was based on
the assumption that nuclei are bound states of protons and neutrons. Fermi assumed that
the light Pauli particle (which he named the neutrino) exists and is produced in β-decay
together with an electron in the process
n→ p+ e− + ν (3.1)
The first Hamiltonian of β-decay was build by Fermi in analogy with the Hamiltonian
of electromagnetic interaction
HemI = ep¯γαp Aα (3.2)
that describes the transition
p→ p + γ (3.3)
Fermi assumed that the Hamiltonian of the process (1) has a similar to (2) vector form:
HβI = GF p¯γαn e¯γαν + h.c. (3.4)
where GF is the interaction constant.
Let us stress an important difference between the Hamiltonians (2) and (4). The inter-
action constant GF has dimension M
−2 ( units ~ = c = 1, M is a mass), while an electric
charge e is a dimensionless quantity. This is connected to the fact that the Fermi interaction
(4) is a four-fermion interaction and the electromagnetic interaction (2) is the interaction of
the pair of fermions with a boson.
The experiments on the investigation of β-decay, that were done after the Fermi theory
appeared, showed that the Fermi interaction is not enough to explain the data. In 1936
Gamow and Teller proposed the following most general four-fermion Hamiltonian of β-decay:
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HβI =
∑
i
Gip¯Oin e¯O
iν + h.c. (3.5)
Here Oi → 1(scalar), γα (vector), σαβ (tensor), γαγ5 (axial), γ5 (pseudoscalar). In the
Hamiltonian (5) five arbitrary constants enter and there was general belief that the number
of fundamental constants in the β-decay Hamiltonian must be much less. During many
years the strategy of β-decay experiments was to find dominant variants of β-decay. The
situation remained uncertain up to 1956.
IV. NON-CONSERVATION OF PARITY
In 1956 it was discovered that parity is not conserved in β-decay (Wu et al.). This
discovery completely changed our understanding of β-decay and neutrino.
In the experiment of Wu et al. the dependence of the probability of β-decay of polarized
60Co on the angle between the directions of the vector of polarization and the electron
momentum was measured. In the case of non-conservation of parity the probability of β-
decay of polarized nuclei is given by the following general expression:
dW~P (
~k) = dW0(1 + α~P~k), (4.1)
where ~P is the polarization vector and ~k = ~p|~p| (~p is electron momentum). If parity is
conserved, in this case
dW~P (
~k) = dW~P (−~k) (4.2)
and the asymmetry parameter α is equal to zero (the pseudoscalar ~P~k cannot enter in
the expression for the probability of the decay in the case of parity conservation). In the
experiment of Wu et al. it was found that α ≃ −0.7.
The idea of non-conservation of parity in a weak interaction was put forward by Lee and
Yang before the Wu et al. experiment. The Hamiltonian of β-decay that they proposed was
a direct generalization of the four-fermion Fermi-Gamow-Teller Hamiltonian:
HβI =
∑
i
p¯Oin e¯O
i(Gi + G
′
iγ5)ν + h.c. (4.3)
This Hamiltonian is the most general four-fermion Hamiltonian in the case of non-
conservation of parity. It is characterized by 10 (!) arbitrary constants Gi and G
′
i (i =
S, V, T, A, P ).
V. TWO-COMPONENT NEUTRINO
In 1957-58 two fundamental stages completely changed the field and brought us to the
correct effective theory of β-decay and other weak processes. The first step was done by
Landau, Lee and Yang, and Salam. They proposed the two-component neutrino theory.
Any fermion field ψ can be presented as the sum of left-handed ψL and right-handed ψR
components
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ψ = ψL + ψR, (5.1)
where
ψL,R =
1∓ γ5
2
ψ (5.2)
In the case of massless neutrinos, νL(νR) is the field of neutrino with left (right) helicity and
antineutrino with right (left) helicity.
According to the two-component neutrino theory, the neutrino is a massless left-handed
(or right-handed) particle, i.e. in the Hamiltonian of weak interaction only left-handed νL
(or right-handed νR) neutrino field enters. Thus, in the case of a two-component neutrino
theory G
′
i = −Gi (G′i = Gi) and non-conservation of parity in β-decay is maximal.
In 1957 the two-component theory was confirmed by the experiment of Goldhaber et al..
In this experiment by the measurement of the polarization of γ-quanta in the process
e− + Eu→ ν + Sm∗
⇓
Sm + γ
(5.3)
the helicity of neutrinos was determined. It was found that the neutrino is a left-handed
particle.
VI. V −A CURRENT × CURRENT THEORY
The next decisive stage in the construction of an effective theory of weak interaction
was done by Feynman and Gell-Mann, Marshak and Soudarshan. These authors assumed
that in the Hamiltonian of the weak interaction only left-handed components of fields enter.
Taking into account that
e¯L ( 1 ; σαβ ; γ5 ) νL = 0 (6.1)
and that
e¯Lγαγ5νL = −e¯LγανL , (6.2)
for the Hamiltonian of β-decay from (8) they obtained the following expression
HβI =
GF√
2
4p¯LγαnL e¯Lγ
ανL + h.c. (6.3)
This interaction is characterized by one fundamental constant GF and differs from the Fermi
interaction (4) only in the change of all fields by left-handed fields. From all available
experimental data it follows that the Hamiltonian (14) is the correct effective Hamiltonian
of β-decay.
The other process in which a neutrino is produced is µ-capture
µ− + p→ ν + n (6.4)
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B. Pontecorvo was the first to notice in the 1950’s that the constant that characterize
this process is the Fermi constant. He assumed that the weak interaction is a universal
interaction which includes the pairs (e, ν) and (µ, ν). The theory of Feynman and Gell-
Mann is a universal theory of the weak interaction. Their Hamiltonian describes not only
β-decay and µ-capture, but also µ-decay, the process in which two neutrinos are produced
µ+ → e+ + ν + ν¯. (6.5)
Feynman and Gell-Mann introduced a V −A weak current
jα = 2[ν¯eLγαeL + ν¯µLγαµL + p¯LγαnL] (6.6)
and assumed that the Hamiltonian of the weak interaction has the current × current form
HI = GF√
2
jαj
α† (6.7)
The non-diagonal terms of (18) are Hamiltonians of β-decay, µ-capture, µ-decay and other
connected processes (like νen→ e−p, . . .). There are also in (18) diagonal terms as
HdI =
GF√
2
4 ν¯eLγανeL e¯Lγ
αeL . (6.8)
Thus, the current × current theory predicted new weak processes such as
ν¯e + e→ ν¯e + e (6.9)
Let us notice that this process with reactor antineutrinos was observed many years later by
Reines et al.. The measured cross section was in agreement with the standard model, that
includes the interaction (19) as well as the additional (neutral current) interaction.
VII. νµ AND νE ARE DIFFERENT PARTICLES
In (17) we denoted the field of the neutrino that enter in the Hamiltonian together with
the field of electron (muon) as νe(νµ). Are electron and muon neutrinos different or are
they the same particles? In 1959 B. Pontecorvo proposed an experiment that could allow to
answer this question. The idea of the experiment was the following. According to the V −A
theory, the decay of a charged pion into an electron and a neutrino is strongly suppressed.
This consequence of the theory was beautifully confirmed by the CERN experiment of Fide-
caro et al.. Thus, charged pions decay mainly into a muons and a muon neutrinos. If we
produce the beam of pions and give pions the possibility to decay, a practically pure beam
of muon neutrinos can be produced. In a neutrino detector only muons would be observed if
νµ and νe are different particles. If νµ and νe are identical particles due to µ− e universality
an equal number of muons and electrons will be produced.
The experiment proposed by Pontecorvo was done at Brookhaven by Lederman, Stein-
berger, Schwarz et al. in 1962. The Brookhaven experiment was the first experiment with
accelerator neutrinos. It was proven that νµ and νe are different particles.
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What are the quantum numbers that distinguish muon and electron neutrinos? Let us
introduce the electron Le and muon Lµ lepton numbers in such a way that Le = 1, Lµ = 0
for νe, e
− and Le = 0, Lµ = 1 for νµ, µ−. The data of the Brookhaven experiment was in
agreement with the assumption that the total electron lepton number and the total muon
lepton number are conserved∑
Le = const ,
∑
Lµ = const . (7.1)
VIII. CABIBBO AND GIM CURRENTS
Up to now we have not discussed decays of strange particles. Strange particles were
included in the current × current scheme by N. Cabibbo in 1962.
After many years of investigation of semileptonic decays of strange particles
K+ → π0µ+νµ, Λ→ pe−ν¯e, Σ− → ne−ν¯e , . . . (8.1)
three phenomenological rules were formulated:
I. In semileptonic decays the strangeness is changed by one: |∆S| = 1.
II. The rule ∆Q = ∆S is satisfied, where ∆Q = Qf −Qi, ∆S = Sf −Si and Qf (Qi) and
Sf (Si) are the initial (final) electric charge and strangeness of hadrons.
III. The decays of strange particles are suppressed with respect to decays of non-strange
particles.
In order to include strange particles in the V −A scheme, Cabibbo assumed that the weak
current is the combination of the components of an SU(3) current. We can easily construct
the Cabibbo current if we assume that fields of u(Q = 2/3, S = 0), d(Q = −1/3, S = 0)
and s(Q = −1/3, S = −1) quarks enter in the weak current. Let us stress that this is a
new point of view: this assumption means that the weak interaction is the interaction of
leptons and quarks. Let us accept the Feynman-Gell-Mann conjecture and assume that only
the left-handed components of fields enter in the current. There are only the following two
quark terms that, like the lepton terms in (17), change the electric charge by one:
u¯LγαdL and u¯LγαsL (8.2)
The first term does not change the strangeness. The second term changes the strangeness
by one. It is obvious that in the framework of the current × current scheme this term
provides the fulfillment of the |∆S| = 1 and ∆Q = ∆S rules for semileptonic decays of
strange particles. In order that rule III be satisfied, Cabibbo introduced an angle θC and
assumed that the quark current has the form
jCα = 2[cos θC u¯LγαdL + sin θC u¯LγαsL] . (8.3)
He showed that with the help of (24) it is possible to describe the data. For the parameter
sin θC he found the value sin θC ≃ 0.2.
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Now the weak current can be written in the form
jα = 2[ν¯eLγαeL + ν¯µLγαµL + u¯Lγαd
c
L], (8.4)
where
dcL = cos θCdL + sin θCsL . (8.5)
As seen from (25) the lepton and quark terms have similar structure. However, there is an
asymmetry between the lepton and quark parts of the current: there are two lepton terms
and one quark term.
In 1970 strong arguments appeared in favour of an additional quark term in the weak
current (Glashow, Iliopoulos, Maiani). It was necessary to introduce an additional quark
term in order to suppress decays like K+ → π+νν¯, in which the strangeness of hadrons is
changed and the charge is not changed (such decays were not observed in the experiments).
In order to introduce an additional term in the current it was necessary to assume that
a new quark with the charge 2/3 exist. This quark was called charmed (c). Glashow,
Iliopoulos and Maiani assumed that the additional term in the current has the form
jGIMα = 2c¯Lγαs
c
L , (8.6)
where
scL = − sin θCdL + cos θCsL . (8.7)
is the combination of the fields of s and d quarks orthogonal to the Cabibbo combination
(26). The weak current that includes the Cabibbo and GIM currents has the form
jα = 2
[∑
l=e,µ
ν¯lLγαlL + u¯Lγαd
c
L + c¯Lγαs
c
L
]
(8.8)
The charmed particles were discovered in 1975. The investigation of the decays of charmed
particles and neutrino processes fully confirmed the GIM hypothesis.
IX. THE STANDARD THEORY OF ELECTROWEAK INTERACTIONS
Up to now we have discussed only a four-fermion weak interaction. In 1938 O. Klein
assumed that there exist a charged heavy intermediate vector bosonW and that fundamental
weak interaction is the interaction of two fermions and a W -boson (like the electromagnetic
interaction). From this point of view, the weak processes at small Q2 (momentum transfer
squared) such as β-decay, are second order processes with a virtual W -boson.
In the framework of the V −A theory two alternative theories were considered:
I. The theory of the four-fermion weak interaction.
II. The theory with the intermediate vector boson.
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The Hamiltonian of the four-fermion interaction is given by (18). The Lagrangian of the
interaction of fermions with vector boson is given by
LI = − g
2
√
2
jαW
α + h.c. (9.1)
where g is a dimensionless coupling constant.
From the point of the view of the intermediate vector theory the current-current Hamil-
tonian (18) is an effective Hamiltonian that describes second order weak processes at
Q2 << M2W (MW is the mass of the W -boson). The Fermi constant GF is connected
with the constant g and the mass MW by the relation
GF√
2
=
g2
8M2W
(9.2)
and naturally has dimension M−2.
The four-fermion theory, as well as the theory with the intermediate vector boson in
the lowest order of the perturbation theory describe numerous experimental data. However
both theories were unrenormalizable theories.
Over the years there were many attempts to build a renormalizable theory of weak
interactions. Success was achieved by way of the unification of weak and electromagnetic
interactions in a unified electroweak interaction (Glashow 1961, Weinberg 1968, Salam 1968).
In order to unify weak and electromagnetic interactions it is necessary to assume that a
vector intermediate W -boson exists. The unification is based upon local Yang-Mills gauge
invariance. In the case of the simplest SU(2) local gauge invariance with the doublets of the
left-handed fermion fields ψaL, vector gauge fields A
i
α(i = 1, 2, 3) are fields of charged and
neutral particles. The interaction Lagrangian is given by
LI = −g
∑
i
jiαA
iα (9.3)
where jiα =
∑
a ψ¯aLγα
1
2
τiψaL is an isovector current. The Lagrangian (32) can be written in
the form
LI = − g
2
√
2
jαW
α + h.c.− gj3αA3α (9.4)
where jα = 2(j
1
α + ij
2
α) is the charged current, Wα =
1√
2
(A1α − iA2α) is the field of charged
vector particles and A3α is the field of neutral vector particles. If the fermion doublets are
chosen as
ψlL =
(
ν
′
lL
l
′
L
)
, l = e, µ, τ, ψ1L =
(
u
′
L
d
′
L
)
, ψ2L =
(
c
′
L
s
′
L
)
, ψ3L =
(
t
′
L
b
′
L
)
, (9.5)
for the charged current we have the expression
jα = 2
[∑
l
ν¯
′
lLγαl
′
L + u¯
′
Lγαd
′
L + c¯
′
Lγαs
′
L + t¯
′
Lγαb
′
L
]
, (9.6)
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that is similar to the expression (29) for the phenomenological charged current (in accordance
with the existing data, additional lepton and quark terms are taken into account here).
The last term of the Lagrangian (33) describes the interaction of fermions with neutral
vector bosons. This term includes the neutrino fields and does not conserve parity; it is not
the Lagrangian of the electromagnetic interaction.
In order to unify weak and electromagnetic interactions we must enlarge the symmetry
group and introduce an additional gauge interaction with a neutral vector field. The inter-
action with the charged vector field must be retained. The minimal enlargement is a local
gauge SU(2)×U(1) group. In the case of this group the gauge interaction has the form
LI = −g~jα ~Aα − g′ 1
2
jyαB
α, (9.7)
where Bα is a U(1) gauge field and g
′
is the dimensionless coupling constant.
If the arbitrary U(1) constants are chosen in such a way that the Gell-Mann–Nishijima
rule Q = I3 +
1
2
y is satisfied, in this case current 1
2
jyα is given by
1
2
jyα = j
em
α − j3α (9.8)
where jemα is electromagnetic current.
The Lagrangian of the interaction of quarks and leptons with neutral vector fields is
equal to
L0I = −gj3αA3α − g
′
(jemα − j3α)Bα = −ejemα Aα −
g
2 cos θW
j0αZ
α (9.9)
Here g
′
= g tan θW , g sin θW = e, the fields Z
α and Aα are connected with A3α and Bα by
the relations
Zαα = cos θWA
3α − sin θWBαα
Aα = sin θWA
3α + cos θWB
α (9.10)
and
j0α = 2j
3
α − 2 sin2 θW jemα (9.11)
The first term of the expression (38) is the Lagrangian of the electromagnetic interaction,
the second term is the new neutral current interaction of fermions and vector bosons.
Thus, if weak and electromagnetic interactions are unified on the basis of local gauge
symmetry, in this case:
1. Not only the charged vector W±-bosons but also the neutral vector Z-boson must
exist.
2. The Lagrangian of the interaction of Z-bosons and fermions has the form of the product
of the Z-field and the neutral current j0α, which is a combination of the third component
of isovector current j3α and electromagnetic current j
em
α ; the only parameter which
enters in the neutral current is sin2 θW .
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3. The parameters of the theory are connected by the relation g sin θW = e.
A local gauge invariance is an exact symmetry only if the masses of all particles are equal
to zero. Thus, in the real world, this symmetry must be broken.
The standard electroweak theory (standard model) is based on the Higgs mechanism of
spontaneous violation of the symmetry which requires the existence of a neutral scalar Higgs
boson. As a result of the violation of the symmetry:
i. All particles (perhaps with the exception of neutrinos) acquire masses.
ii. The primed fermion fields that enter in the doublets (34) are connected with fermion
fields with definite masses by unitary transformation. For the quark fields we have
 d
′
L
s
′
L
b
′
L

 = VL

 dLsL
bL

 ,

u
′
L
c
′
L
t
′
L

 = UL

 uLcL
tL

 (9.12)
where u, d, ... are fields of physical quarks.
As a result, we come to the following expression for the charged quark current
jα = 2 [u¯Lγαd
c
L + c¯Lγαs
c
L + t¯Lγαb
c
L] (9.13)
which, for the case of two generations, coincides with the phenomenological current
(29). Here
dcL =
∑
q=d,s,b
VuqqL, s
c
L =
∑
q=d,s,b
VcqqL, b
c
L =
∑
q=d,s,b
VtqqL, (9.14)
where V = U †LVL is the unitary Cabibbo-Kobayashi-Maskawa mixing matrix.
Neutral currents were discovered in the neutrino experiments at CERN in 1973. Their
detailed investigation showed impressive agreement of the standard model with experiment.
The relations (43) mean that the fields of quarks enter in the charged current in mixed
form. From numerous experimental data that are available today, we have rather detailed
information about the elements of the CKM mixing matrix V . What about neutrinos? Are
neutrino masses different from zero and the fields of massive neutrinos enter into charged
current also in the mixed form? The major aim of present (and future) neutrino experiments
is to answer these fundamental questions.
X. MASSIVE AND MIXED NEUTRINOS
We will finish this lecture with a short discussion of the problem of neutrino mixing. Let
us stress first of all that there are more possibilities for the mixing of neutrinos than for the
mixing of quarks. This is connected with the fact that quarks are charged Dirac particles,
whereas for massive neutrinos there are two possibilities:
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I. Neutrinos can be Dirac particles. In this case the total lepton number L = Le+Lµ+Lτ
is conserved and neutrinos and antineutrinos have opposite lepton numbers. For the
neutrino mixing in this case we have
νlL =
3∑
k=1
UlkνkL l = e, µ, τ (10.1)
where U †U = 1 and νk is the field of the neutrino with mass mk.
II. Neutrinos can be truly neutral Majorana particles. In this case there are no conserved
lepton numbers, and for neutrino mixing we have
νlL =
n∑
k=1
UlkχkL (10.2)
where χk = χ
c
k = Cχ¯
T
k is the field of the Majorana neutrino with mass mk (C is the
charge conjugation matrix).
The number of massive neutrinos in (45) depends upon the model. If only left-handed
components νlL enter in the neutrino mass term, in this case n = 3. If left-handed νlL and
right-handed νlR fields enter in the neutrino mass term, in this case n = 6.
Note that Dirac neutrino masses can be generated by the standard Higgs mechanism.
The Majorana neutrino masses can be generated only in the framework of models beyond
the standard model.
The existing models cannot allow to predict the values of the neutrino masses. There
exist, however, a rather general mechanism of neutrino mass generation that can explain
the smallness of neutrino masses with respect to the masses of all the other fundamental
fermions. This is the so-called see-saw mechanism. If we assume that , due to the presence
of a right-handed Majorana mass term, lepton numbers are violated at a scale M that is
much larger then the fermion masses, in this case for the mass of the light neutrino in each
generation we have the see-saw formula
mk ≃ (m
k
F )
2
Mk
, k = 1, 2, 3. (10.3)
Here mkF is the mass of the up-quark or charged lepton and Mk ≫ mkF . Let us stress that
if the neutrino masses are generated by see-saw mechanism, in this case:
1. Massive neutrinos are Majorana particles.
2. There is a hierarchy of neutrino masses: m1 ≪ m2 ≪ m3.
At the moment the problem of neutrino masses and mixing is investigated in different
experiments. There are three experimental methods that allow to reveal the effects of
neutrino masses and mixing.
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A. Precise measurement of high energy part of beta-spectrum
The classical decay in which neutrino mass is measured is the β-decay of 3H
3H → 3He+ e− + ν¯e (10.4)
This is the superallowed transition and the electron spectrum is determined by the phase
factor
dN
dT
= CpE(Q− T )
√
(Q− T )2 −m2ν F (E), (10.5)
where E and p are the electron energy and momentum, T = E −me, Q ≃ 18.6 keV is the
energy release, F (E) is the Fermi function that describes the Coulomb interaction of the
final particles, and mν is the neutrino mass. In the real spectrum it is necessary to take into
account molecular effects, spectrometer resolution, background, and so on.
From the measured spectrum the Kurie function
K(T ) =
√
(Q− T )
√
(Q− T )2 −m2ν (10.6)
can be obtained. If mν = 0, in this case Tmax = Q and K(T ) = Q − T . If mν 6= 0, in this
case Tmax = Q−mν and a deviation of K(T ) from a straight line will be observed near the
end point of the spectrum.
No indications in favour of non-zero neutrino masses were found in tritium experiments.
From the data of recent experiments the following upper bounds were found:
mν < 3.9 eV (Troizk), mν < 5.6 eV (Mainz). (10.7)
B. Search for neutrinoless double-β decay
There are many experiments in which neutrinoless double-beta decay
(A,Z)→ (A,Z + 2) + e− + e− (10.8)
of different even-even nuclei is searched for. In process (51) the total lepton number is not
conserved. Thus neutrinoless double-beta decay is possible only if neutrinos are massive
Majorana particles.
Process (51) is of the second order in weak interaction with virtual neutrinos. The matrix
element of the process is proportional to
< m >=
∑
U2ekmk (10.9)
(U2ek is due to two vertices andmk is due to the the propagator of left-handed neutrino fields).
No indications in favour of neutrinoless double-beta decay were found in experiments up to
present time. In the 76Ge experiment of the Heidelberg-Moscow collaboration it was found
that
T 1
2
≥ 1.1 · 1025y (10.10)
From this data it follows that | < m > | ≤ (0.5− 1.1)eV . Let us notice that in the nearest
years sensitivity of | < m > | ≃ 10−1eV will be reached (NEMO, Heidelberg-Moscow and
other experiments).
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C. Neutrino oscillations
Neutrino oscillations were first considered by B. Pontecorvo in 1958. From the point
of view of quantum mechanics, neutrino oscillations are similar to the famous K0 ⇆ K¯0
oscillations. If there is neutrino mixing, the state vector |νl〉 of the flavour neutrino νl
with momentum p is the coherent superposition of the states |k〉 of massive neutrinos with
momentum p and energy Ek =
√
p2 +m2k ≃ p+ m
2
k
2p
(for p≫ mk):
|νl〉 =
∑
k
U∗lk|k〉 . (10.11)
This basic relation is valid if the neutrino mass differences are so small that, due to an
uncertainty relation, it is not possible in weak interaction to distinguish one massive neutrino
from the other one. If at t = 0 in weak decays neutrinos νl with momentum p are produced,
at time t the neutrino state vector is given by
|νl〉t =
∑
k
U∗lke
−iEkt|k〉 =
∑
l
′
|νl′ 〉
∑
k
Ul′ke
−iEktU∗lk (10.12)
Thus ,if there is neutrino mixing, the beam of neutrinos at some macroscopic distance from
the source will be a superposition of states of different flavour neutrinos. For the probability
of the transition νl → νl′ , we have
P (νl → νl′) =
∣∣∣∣∣
∑
k
Ul′ke
−i∆m
2
k1
L
2p U∗lk
∣∣∣∣∣
2
. (10.13)
Here L is the source-detector distance and ∆m2k1 = m
2
k−m21 (we made the usual assumption
thatm1 < m2 < . . .). Taking into account the unitarity of the mixing matrix, for the simplest
case of oscillations between two flavour neutrinos from (54) we have
P (νl → νl′) =
∣∣∣∣δl′l + Ul′2U∗l2(e−i∆m2L2p − 1)
∣∣∣∣
2
, (10.14)
where ∆m2 = m22 −m21. From this expression it is clear that for neutrino oscillations to be
observed, it is necessary that
∆m2 &
E
L
. (10.15)
Here L is the distance in meters, E is neutrino energy in MeV and ∆m2 is the difference
of neutrino masses squared in eV2. From (58) it follows that different neutrino facilities
(accelerators, reactors, atmospheric neutrinos, sun) allow us to study neutrino oscillations
in a wide range of ∆m2, from ∆m2 ≃ 10eV 2 till ∆m2 ≃ 10−10eV 2. For two oscillating
neutrinos the mixing matrix is given by
U =
(
cos θ sin θ
− sin θ − cos θ
)
,
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where θ is the mixing angle. From (57) for the transition probabilities we obtain the following
standard expressions
P (νl → νl′) = 1
2
sin2 2θ(1− cos ∆m
2L
2p
)
P (νl → νl) = 1− P (νl → νl′) , l′ 6= l (10.16)
In many experiments with neutrinos from reactors and accelerators no indications in
favour of neutrino oscillations were found. There are, however, three experimental indica-
tions that neutrinos are massive and mixed. They were found in solar neutrino experiments,
in atmospheric neutrino experiments, and in the Los Alamos neutrino experiment.
Let us first discuss solar neutrinos. The energy of the sun is generated in the reactions
of the thermonuclear pp and CNO cycles. From the thermodynamical point of view, energy
is generated in the transition of four protons into 4He:
4p→ 4He+ 2e+ + 2νe . (10.17)
Thus, the generation of the energy of the sun is accompanied by the emission of electron
neutrinos. The total flux of neutrinos is connected to the Luminosity of the sun L⊙ by the
relation
Q
∑
i
(
1− 2E¯i
Q
)
Φi =
L⊙
2πR2
, (10.18)
where Q = 26.7 MeV is the energy release in the transition (60), R is the sun-earth distance,
Φi is the total flux of neutrinos from the source i, and E¯i is the average energy. The most
important sources of solar neutrinos are the following reactions:
p + p→ d+ e+ + νe
e− + 7Be→ νe + 7Li
8Be→ 8Be+ e+ + νe (10.19)
The first reaction is the main source of solar neutrinos. In this reaction neutrinos with
energy less than 0.42 MeV are produced. The second reaction is a source of monochromatic
neutrinos with energy 0.86 MeV. This reaction contributes about 10% to the total flux of
solar neutrinos. The third reaction contributes only about 10−4 to the total flux. However,
this reaction is the main source of high energy solar neutrinos (up to 15 MeV).
At present the data of the Homestake, GALLEX, SAGE, Kamiokande and Super-
Kamiokande experiments are available. These experiments, due to different detection thresh-
olds, allow us to detect neutrinos from different sources: the GALLEX and SAGE exper-
iments allow us to detect neutrinos from all sources, the Homestake experiment allows
us to detect mainly 8B neutrinos (about 90%) and 7Be neutrinos; and in the experiment
Kamiokande and Super-Kamiokande experiments only 8B neutrinos are detected.
In all experiments the observed event rate is significantly smaller than the rate pre-
dicted by the standard solar model. For example, in the Super-Kamiokande experiment the
detected flux is equal to
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Φdet = 2.44± 0.06+0.25−0.09 106 cm−2s−1 . (10.20)
The expected flux of 8B neutrinos is equal to
Φexp = 6.62± 1 106 cm−2s−1 . (10.21)
All existing data can be explained if, due to an enhancement of the neutrino mixing in
matter (MSW effect), there are transitions of initial solar νe into neutrinos of other types
that are not detected by existing experiments. For the oscillation parameters ∆m2 and sin2 θ
two possible values were obtained
∆m2 ≃ 5 · 10−6eV 2 sin2 θ ≃ 7 · 10−3
or
∆m2 ≃ 2 · 10−5eV 2 sin2 2θ ≃ 0.8 (10.22)
Let us notice that existing data can be also explained by the vacuum oscillations.
The present analysis of solar neutrino data is based on the standard solar model. Let
us stress that the Super-Kamiokande experiment and the future SNO experiment(in which
solar neutrinos will be detected by the observation of CC and NC reactions) will allow us
to obtain model- independent information about neutrino masses and mixing.
The second indication in favour of neutrino mixing was obtained in atmospheric neutrino
experiments. Atmospheric neutrinos are produced in decays of pions and kaons (π(K) →
µνµ, µ → eνeνµ) that are produced in the interaction of cosmic rays with the atmosphere.
The ratio of the muon and electron events can be predicted with accuracy about 5% (at
relatively small energies this ration is close to 2). In the Kamiokande, IMB and Soudan
experiments it was found that the ratio R of the ratio of observed muon and electron events
to the predicted ratio is significantly less than one. This atmospheric neutrino anomaly was
confirmed recently by the Super-Kamiokande experiment. For the ratio of ratios R in this
experiment it was found
R = 0.635± 0.033± 0.053 . (10.23)
The result obtained can be explained by νµ → ντ oscillations. For the oscillation parameters
it was found
∆m2 ≃ 5 · 10−3eV 2, sin2 2θ ≃ 1. (10.24)
Several long-baseline neutrino oscillation experiments (KEK–Super-Kamiokande,
Fermilab–Soudan, CERN–Gran-Sasso, CHOOZ and Palo Verde) that will allow us to in-
vestigate the ”atmospheric neutrino range” of ∆m2 in different oscillation channels are now
under preparation. The first reactor long-baseline experiment CHOOZ has started recently.
The third indication in favour of neutrino mixing was found in the Los Alamos accelerator
experiment. Neutrinos in this experiment are produced in decays at rest of π+ and µ+:
π+ → µ+νµ, µ+ → e+νeν¯µ. (10.25)
The LSND detector at the distance about 30 m from beam stop is searching for electron
antineutrinos (by the observation of the process ν¯ep → e+n). It was found 22 such events.
16
The expected background is 4.6 ± 0.6 events. If negative results of other experiments are
taken into account from the results of the LSND experiment the following allowed range of
oscillation parameters was obtained
0.3 < ∆m2 ≤ 2 eV 2, 10−3 ≤ sin2 2θ ≤ 4× 10−2 (10.26)
Indications in favour of relatively large values of ∆m2 in νµ → νe channel were obtained only
in LSND experiment. These data need confirmation from other experiments. It is planned
that another experiment KARMEN will reach sensitivity of LSND experiment in about 2
years.
XI. CONCLUSION
After Pauli and Fermi neutrino physics have done tremendous progress (see, for example,
the books [1–6]). We know that three types of flavour left-handed neutrinos exist in nature
and we know interaction of neutrinos with other particles. However, the problem of neutrino
properties remains unsolved. The key problem is the problem of the neutrino mass (see,
for example, the reviews [7,8]). Today we have different indications that neutrinos are
massive (see, for example, the Proceedings [9,10]). All of them require further checks and
confirmation. We do not know what is the nature of massive neutrinos (Dirac or Majorana)
and how many massive neutrinos exist in nature. We need to know the neutrino mixing
matrix. The solution of these problems could bring us to new physics beyond the standard
model. The solution of the neutrino mass problem will be very important for astrophysics
and in particular for the understanding of the dark matter problem.
The investigation of neutrino properties is the present and future of neutrino physics.
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